The biosynthetic peptide dolastatin 10 is currently in phase I and II cancer clinical trials. We evaluated the antifungal spectrum of dolastatin 10 and four structural modifications. In broth macrodilution assays, the peptides were fungicidal for American Type Culture Collection strains and clinical isolates (including fluconazole-resistant strains) of Cryptococcus neoformans but no other yeasts or filamentous fungi examined. Specificity for C. neoformans was also demonstrated in the solid-phase disk diffusion assay, and fungicidal activity was confirmed in time-kill experiments. For a methyl ester modification, the MICs at which 50 and 90% of 19 clinical isolates were inhibited (MIC 50 and MIC 90 , respectively) were 0.195 and 0.39 g/ml, respectively. The MFC 50 (50% minimum fungicidal concentration) for this peptide was 0.39 g/ml, and the MFC 90 was 0.78 g/ ml. MICs and MFCs were identical or lower in the presence of human serum but increased with lowered pH. These peptides should be pursued as potential chemotherapeutics for C. neoformans, a leading cause of infection and mortality in immunocompromised patients.
Dolastatin 10, a linear peptide containing three unique amino acid units ( Fig. 1) , was originally isolated from the Indian Ocean sea hare Dolabella auricularia (15) . The synthesis of dolastatin 10 (16, 18) facilitated detailed investigation of its powerful antineoplastic activities (for a review, see reference 14) , culminating in the initiation of phase I cancer clinical trials in 1995. In ongoing clinical trials with patients with advanced solid tumors, there is minimal toxicity at doses of up to 200 g/m 2 (2, 9, 20) .
In mammalian cells, the intracellular target of dolastatin 10 is tubulin. The peptide inhibits microtubule assembly and tubulin-dependent GTP binding (4) and is a noncompetitive inhibitor of vincristine binding to tubulin (3) . Dolastatin 10 causes metaphase arrest in a wide variety of animal and human cancer cell lines and exhibits impressive activity in murine tumor models (for a review, see reference 14) . In addition, dolastatin 10 induces apoptosis in certain human lymphoma cell lines (5, 8) . The apoptotic mechanism is apparently unrelated to its antimitotic effects (5, 8) . The tubulin-binding properties of dolastatin 10 suggested it might also find application as an antifungal agent. We report here that dolastatin 10 and four structural modifications ( Fig. 1 ) are potent and specific fungicidals. Of 13 species of fungi examined, only Cryptococcus neoformans was susceptible to these peptides.
MATERIALS AND METHODS
Antifungal agents. Dolastatin 10 and modification d ( Fig. 1 ) were synthesized as described elsewhere (16) (17) (18) . Synthesis of modification e is described in U.S. patent 5,663,149 (published 9/2/97) (18a), and patents are pending on the synthesis of modifications b and c. Compounds were reconstituted in sterile dimethyl sulfoxide (DMSO) immediately prior to all assays.
Fungal strains.
Clinical isolates of C. neoformans were obtained from patient cerebrospinal fluid, blood, bone marrow, sputum, bronchial lavage fluid, and wound infections at the University of Virginia Medical Center. Strains clinically resistant to fluconazole (7) were provided by the Center for Medical Mycology, Case Western Reserve University. Most yeast strains were maintained by single colony transfer on Sabouraud dextrose agar (SDA), pH 5.6, at 35°C. Cryptococcus albidus, C. laurentii, and C. uniguttulatus (66033) were maintained on SDA, pH 6.6, at 25°C, and C. uniguttulatus (34143) and C. ater were maintained on yeast morphology agar at 25°C. Filamentous fungi were maintained on potato dextrose agar (Aspergillus fumigatus and Rhizopus oligosporus) or Emmon's agar (Pseudallescheria boydii) slants at 35°C.
Disk diffusion susceptibility testing. Antimicrobial activity was assayed by National Committee for Clinical Laboratory Standards disk susceptibility tests (11) . Inocula were adjusted to a density of 0.10 at 625 nm in Sabouraud dextrose broth, and spread on SDA plates. Absorption of excess moisture was allowed to occur for 10 min before application of dried disks containing twofold dilutions of the drugs. Test plates were incubated at 35°C (25°C for C. albidus and C. laurentii), and zones of inhibition were recorded after 48 h. The MIC was defined as the lowest drug concentration resulting in a clear zone of growth inhibition. Disk susceptibility testing of Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, and Neisseria gonorrhoeae was also performed.
Broth macrodilution susceptibility testing of yeasts. Dolastatin 10 and modifications were screened against yeasts by the National Committee for Clinical Laboratory Standards broth macrodilution assay (12) . Yeasts were suspended and diluted as recommended to yield final inocula ranging from 0.5 ϫ 10 3 to 2.5 ϫ 10 3 CFU/ml. Tests were performed in sterile plastic tubes (12 by 75 mm) containing twofold dilutions of the peptides in 0.165 M morpholinepropanesulfonic acid (MOPS)-buffered RPMI 1640 medium (pH 7.0). One tube was left drug free (but contained an equivalent volume of DMSO) for a turbidity control. Tubes were incubated without agitation at 35°C (25°C for C. albidus, C. laurentii, C. ater, and C. uniguttulatus). MICs were determined after 72 h for Cryptococcus and after 48 h for other yeast genera. The MIC was defined as the lowest concentration of a compound that inhibited all visible growth of the test organism (optically clear).
Broth macrodilution susceptibility testing of filamentous fungi. Broth macrodilution susceptibility testing of A. fumigatus, R. oligosporus, and P. boydii was performed in accordance with a proposed standardized procedure (6) with slight modification. To induce conidium and sporangiospore formation, fungi were grown on potato dextrose agar (A. fumigatus and R. oligosporus) or Emmon's agar (P. boydii) slants at 35°C for 6 days. Fungal slants were covered with 1 ml of sterile 0.85% NaCl, and suspensions were made by gently probing the colonies with the tip of a sterile Pasteur pipette. The resulting mixture of hyphal fragments and conidia or sporangiospores was withdrawn and transferred to a sterile clear microcentrifuge tube, and heavy particles were allowed to settle for 10 min. The upper homogeneous suspension was transferred to a sterile microcentrifuge tube, vortexed for 15 s, adjusted spectrophotometrically, and diluted in sterile 0.165 M MOPS-buffered RPMI 1640 medium, pH 7.0, to yield final inocula ranging from 0.5 ϫ 10 3 to 2.5 ϫ 10 3 CFU/ml. Susceptibility to the peptides was then determined by broth macrodilution assays as described above for the yeast cultures. MICs for the filamentous fungi were read when significant or heavy growth was seen in controls.
MFCs. Minimum fungicidal concentrations (MFCs) were determined by subculturing 0.1 ml from each tube with no visible growth in the MIC broth macrodilution series onto drug-free SDA plates. The plates were incubated at 35°C for 48 h, and the MFC was defined as the lowest drug concentration that completely inhibited growth on SDA plates.
Effect of host factors. Broth macrodilution assays were performed with RPMI medium prepared at pHs 5, 6, and 7 and in RPMI medium with and without 50% normal human serum (Lampire Biological Labs). C. neoformans 90112 was used in each case.
Time-kill studies. Overnight cultures of C. neoformans 90112 in pH 7.0 MOPSbuffered RPMI 1640 medium were inoculated into the same medium containing multiples of the broth macrodilution MIC of the peptides or an equivalent volume of DMSO. Cultures were shaken at 35°C, and aliquots were aseptically removed at various times for dilution plating. Standard errors of the means were calculated from at least two experiments.
RESULTS AND DISCUSSION
Our initial screen for antimicrobial activity, the disk diffusion assay, suggested that dolastatin 10 and four analogs had narrow-spectrum antifungal activity (Table 1 ). In addition, at 100 g/disk, there was no inhibition of the bacterial strains tested (see Materials and Methods). The specificity for C. neoformans was also apparent in broth macrodilution assays ( Table  2 ). The parent compound was not growth inhibitory to the related species C. albidus, C. laurentii, C. uniguttulatus, and C. ater (C. albidus 34140, C. laurentii 34142, C. uniguttulatus 34143, and C. ater 14247 are American Type Culture Collection [ATCC] clinical specimens) ( Table 2 ). The MFCs for C. neoformans were typically identical to or twofold greater than the MICs. Exceptions occurred with C. neoformans 14116, for which the MFCs of compounds b and c were 16-fold greater than the MICs. Dolastatin 10 was also fungicidal for strains of C. neoformans that are clinically resistant to fluconazole (7) ( Table 2) .
As the methyl ester (compound d) was the most potent antifungal peptide in broth macrodilution assays, it was tested against 19 clinical isolates (not including fluconazole-resistant strains) of C. neoformans. No resistant clinical isolates were found. The MICs at which 50 and 90% of the isolates were inhibited (MIC 50 and MIC 90 , respectively) by modification d were 0.195 and 0.39 g/ml, respectively. The MFC of modification d for 50% of the isolates was 0.39 g/ml, and the MFC for 90% of the isolates was 0.78 g/ml. The MICs of analog d for clinical isolates ranged from 0.0975 to 0.78 g/ml, and the MFCs ranged from 0.0975 to 6.24 g/ml. For more than 68% of the clinical isolates, the MFC/MIC ratios were less than or equal to 2, and for 26% of the isolates, the ratio equaled 4.
The fungicidal action of four of the peptides was confirmed in time-kill experiments (Fig. 2 ) (a paucity of modification c prohibited time-kill studies). For all of the peptides tested, killing was concentration dependent between the MIC and four times the MIC but not between four and eight times the MIC.
Dolastatin 10 and three of the modifications were available in sufficient quantity for investigation of the effects of two host factors, pH and serum, on broth macrodilution MICs and MFCs. The MICs and MFCs increased in acidified RPMI medium ( Table 3 ). The anticryptococcal activity of modification d was the least affected by a lowered pH. Attempts were made to determine MICs at pH 8, but the strain did not grow in alkaline RPMI medium.
To ascertain whether the increased concentration of dola- statin 10 required to kill C. neoformans in acidified medium was due to loss of peptide activity or more rapid growth of the test organism, two controls were performed. Dolastatin 10 was incubated at pHs 5, 6, and 7 under the same conditions as the broth macrodilution assay, and the concentration required to inhibit 50% of the growth of six human cancer cell lines (pancreas BXPC-3, neuroblastoma SK-N-SH, thyroid SW1736, non-small-cell lung NCI-H460, pharynx FADU, and prostate DU-145) were compared. Acid-treated dolastatin 10 had no apparent loss of antiproliferative activity (data not shown). In the second control, optical densities over time were compared in shake flasks containing C. neoformans in pH 5, 6, or 7 RPMI medium. Growth rates at pHs 5 and 6 were identical, and the growth rate at pH 7 was only slightly slower (data not shown). Thus, the increased MICs and MFCs of the peptides in acidified medium cannot be explained at this time. Other possible explanations include (i) more rapid uptake of the peptides at neutral pH owing to increased permeability or activation of transport mechanisms and (ii) the ionization state of dolastatin 10 affects interaction with its fungal target (the human cancer cell line control suggests that the ionization state of dolastatin 10 does not affect interaction with its mammalian tubulin target). Certainly, the increased MICs at lowered pH do not eliminate the potential of these compounds for clinical antifungal development. Widely prescribed antimicrobials with increased MICs in acidic media include streptomycin, erythromycin, gentamicin, and metronidazole (for a review, see reference 1).
In vitro, dolastatin 10 is stable in human, dog, and mouse plasma for at least 24 h at 37°C (13) . After intravenous injection into mice, the estimated elimination half-life is 5.6 h (13).
In the presence and absence of human serum, the MICs and MFCs of the peptides for C. neoformans were very similar ( Table 3) . For compounds d and e, the MICs and MFCs were actually lower in the presence of human serum. The activities of the peptides in serum from two different suppliers (Sigma and Lampire) were similar (data not shown).
The incidence of invasive fungal infections in cancer patients ranges from approximately 5 to 30% (10), and C. neoformans is a leading cause of such infections (19) . We have described a related series of novel antitumor antibiotics that appear to be specific for C. neoformans. However, susceptibility testing with a large variety of fungal species is required to confirm this observation. We can provide no explanation for the specificity of these peptides. We are investigating the possibility of enhanced drug uptake in C. neoformans and/or extensive homology between C. neoformans tubulin and mammalian tubulin at the dolastatin 10 binding site. If specificity for C. neoformans is confirmed, these peptides should be investigated as a means to rapidly identify C. neoformans in clinical settings. Our immediate goal is to determine if these anticryptococcal peptides are efficacious in vivo. 
